A non-linear procedure is presented for modelling the bond characteristic between concrete and reinforcing steel for reinforced concrete structures in fire. The accuracy and reliability of the model are demonstrated by the analysis of one pull-out test and one beam test at ambient temperature and four full-scale beams tested under two fire conditions. The model is clearly capable of predicting the response of reinforced concrete members and structures in fire with acceptable accuracy. The bond-link element has been found to have good computational stability and efficiency for 3D analysis of reinforced concrete structures in fires. It is shown that the bond condition between the concrete and reinforcing steel bar has important influence on the fire resistance of reinforced concrete structures, especially when the temperature of the reinforcing steel bar is high (more than 500°C). Hence, the current assumption of the perfect bond condition for analysis of reinforced concrete structures under fire conditions is unconservative.
Introduction
The behaviour of structures exposed to fire is usually described in terms of the concept of fire resistance, which is the period of time under exposure to a standard fire time-temperature curve at which some prescribed form of limiting behaviour occurs. In performance-based design this limiting behaviour may be defined either as real structural collapse or as a failure of integrity which would allow fire-spread to occur, but is more usually defined in terms of a deflection limit. The most recent design codes, EN 1992-1-2 [1] and EN 1994-1-2 [2] have taken a step towards full performance-based design by allowing designers to treat fire as one of the basic design limit states, taking account of:
• Non-uniform heating due to partial protection, which may be inherent in the framing system or specially applied,
• The level of loading at the fire limit state, using partial safety factors lower than those used for ultimate limit states, because of the relative improbability of such accidental combinations,
• Realistic stress-strain characteristics of structural materials at elevated temperatures.
The main limitation of these codified approaches is that they are based on the behaviour under test of isolated simply supported members, usually heated according to the standard ISO834 [3] timetemperature curve. In real buildings structural elements form part of a continuous assembly, and building fires often remain localised, with the fire-affected region of the structure being subject to significant restraint from cooler areas surrounding it. The real behaviour of these structural elements can therefore be very different from that indicated by standard furnace tests. An additional encouragement towards this end is the increasing volume of evidence from full-scale fire tests in building structures [4] that members which form part of a connected frame do not behave similarly to their performance in isolation in furnace tests. The interaction between the key effects (differential heating of cross-sections, material degradation as temperatures rise, and the capacity for load-sharing and restraint to thermal expansion provided by cool surrounding structure) makes the real behaviour extremely complex. If such interactions are to be used by designers in specifying fire protection strategies as part of an integrated limit state structural design process rather than as an adjunct to it, then this can not practically be based on large-scale testing because of the extremely high implicit costs. It is therefore becoming increasingly important that software models be developed to enable the behaviour of such structures to be predicted with sufficient accuracy under fire conditions.
In recent years a number of numerical models have been developed to represent the behaviour of reinforced concrete structures in fire [5] [6] [7] [8] [9] [10] , but none of these have taken the influence of the bond characteristic between concrete and reinforcing steel into account. In a number of previous research projects for modelling the bond characteristic between concrete and reinforcing steel at ambient temperature [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , two common types of models have been used. The first one is to use the so called bond-link element which connect concrete element and reinforcing steel element at the nodes [11] [12] [13] . Normally, the link element has no physical dimensions, for example, the two connected nodes from two different type elements have the same coordinates at the beginning of the analysis. The second approach is to use a 'bond-zone connect' element [14] [15] [16] [17] [18] [19] . In this approach, the characteristics of the contact surface between concrete and reinforcing steel is represented by a material law which considers the properties of the bond zone. In this model it is assumed that the contact element provides a continuous connection between concrete and reinforcing steel. Hence, more fine mesh is needed within the bond zone area in order to achieve reasonable accuracy. In comparison, for modelling global structural behaviour of reinforced concrete structures the bondlink element provides a reasonable compromise between accuracy and computational efficiency.
In recent years, a robust 3-noded beam-column element has been developed at the University of Sheffield for 3D modelling of steel, composite and reinforced concrete frames under fire conditions [22, 23] . In this model both material and geometric non-linearities are considered. The crosssection of the beam-column element is divided into a matrix of segments, and each segment may have different material, temperature and mechanical properties. The complications of structural behaviour in fire conditions, such as thermal expansion, degradation of stress-strain curves, failure of concrete segments by cracking and crushing, and yielding of reinforcement segments, are included. In this beam-column element, it is possible to offset the nodes by pre-determined distances, the elements can easily be combined with shell or plate elements to model reinforced concrete or composite structures in fire. Of course, a problem with these developments is that they ignore the influence of bond between concrete and reinforcing steel on the structural behaviour of the reinforced concrete structures. Hence, the main objective of this paper is to develop a bond-link element to model the interaction between plain concrete and reinforcing steel. The element developed permits modelling of full, partial and even zero interaction between the concrete and reinforcing steel within the reinforced concrete structures. Also, the bond-link element can be used to model interaction between concrete and reinforcing steel for reinforced concrete slabs in fire.
Non-linear procedure
As shown in Fig. 1(a) a reinforced concrete beam is modelled as an assembly of finite plain concrete, reinforcing steel bar and bond-link elements. It is assumed that the nodes of these different types of element are defined in a common reference axis. For modelling of reinforced concrete frame structures the reference axis is normally assumed to coincide with the central axis of the cross-section of the beam and column members (see Fig. 1 (a) ). Its location is fixed throughout the analysis. Hence, in Fig. 1(a) the plain concrete beam element is represented as 3-noded beamcolumn element with zero offset, and the reinforcing steel bar element is modelled as 3-noded beam-column element with the offsets of Δy and Δz, respectively. A bond-link element makes the connection between a plain concrete element node and a reinforcing steel bar element node. That means one 3-noded steel bar element needs only three bond-link elements in order to make the connection with the plain concrete element. Therefore, the model proposed here is very computationally effective.
Plain concrete beam-column and reinforcing steel bar elements
As shown in the Fig. 2 , the cross-sections of the plain concrete beam and steel bar elements are divided into a matrix of segments in order to consider the variation of temperature and material properties within the cross-sections. In this model a "void segment" is introduced to represent the volume occupied by reinforcing steel bar within the cross-section of plain concrete elements (see Fig. 2(b) ). It is assumed that the "void segment" has zero mechanical strength and stiffness. The detailed formulations of the 3-noded beam-column element and the constitutive modelling of concrete and steel at elevated temperatures have been presented previously [22, 23] . For the constitutive modelling of the materials, the compressive and tensile strengths of concrete, yield strength of reinforcing steel, Young's modules of concrete and steel are all reduced at elevated temperatures following the models specified in Eurocode 2 [1] .
Concrete-steel bond-link element
For modelling the interaction between the reinforcing steel and the concrete within the reinforced concrete structural members it is necessary to develop a bond element to link the two components.
The details of connection of the three elements are shown in Fig. 1(a) . The reinforcing steel is represented as equivalent beam element. The bond element shown in Fig. 1 
Where, = the bond force between the reinforcing steel bar and concrete for the bond element; The average bond stress, b τ , can be calculated using an empirical bond stress-slip relationship defined in the CEB-FIP Model Code 90 [24] . That is, 
where, max τ = maximum bond stress; s = the slip between concrete and reinforcing steel. Previous research indicated that the bond stress-slip relationship depends on a considerable number of influencing factors: such as type of steel bar (ribbed or smooth); roughness (related rib area), concrete strength, position and orientation of the bar during casting, state of stress, boundary conditions and concrete cover. Therefore the bond stress-slip curve, represented by above equations can be considered as a statistical mean curve, applicable as an average formulation for a broad range of cases [24] .
Bond strength at elevated temperatures
Investigations into the bond strength between concrete and reinforcing steel at room temperature have been carried out over many years. Comparatively few experiments have, however, been carried out to investigate the effects of high temperatures on the bond characteristics. Bazant and Kaplan [25] summarised some tested results which are shown in Fig. 4 and some broad conclusions were drawn as:
• Bond strength is reduced as temperature increases and the reduction rate is greater compared to concrete strengths.
• The percentage reduction of bond strength for ribbed bars at elevated temperatures is generally less than for plain round steel bars.
• Differences in the diameters of plain bars and deformed bars had little effect on the strength reduction of the bond.
• The experimental procedure used affects the results of bond tests at high temperatures.
• The type of aggregate in the concrete affects the bond strength at elevated temperatures.
• The smaller the concrete cover, the greater is the reduction in bond strength.
Due to the complexity of bond characterization at elevated temperatures, as first order approximation, simplified bi-linear and tri-linear models, as shown in Fig. 4 are proposed here to calculate the bond strengths of ribbed and smooth bars at elevated temperatures, respectively.
For ribbed bars, the bond strength reduction at high temperatures can be represented as, The computer program Vulcan [22, 23] has recently been extended to include a two-dimensional non-linear finite element procedure to predict the temperature distributions within the cross-sections of structural members subject to given fire time-temperature regimes. This is largely based on previous work [26] by the author. The thermal properties of the steel and concrete are assumed to change with temperature, and the influence of moisture initially held within the concrete has been taken into account. In this analysis the thermal properties given in EN 1992-1-2 [1] for concrete and steel have been adopted.
Stiffness matrix of concrete-steel bond-link element
For simplicity it is assumed that there is no coupling of effects due to different degrees of freedom for the bond-link element. This means that the nodal deformation and force of each degree of freedom are determined only by the stiffness and displacement related to that degree of freedom, respectively. This simplified approach has been successfully used in the previous research [27] .
Hence in the local co-ordinate, referenced to the reinforcing steel bar element, the nodal force increment vector, { of the element can be related to its nodal displacement increment vector 
For reinforcing steel bars, apart from the relative slip along the longitudinal axis direction (xdirection) between concrete and steel bars the concrete prevents relative movement of reinforcing bars in other directions. It is therefore reasonable to assume that common nodes of the concrete and reinforcing bar elements have identical rotations and movements in y and z directions. Hence, in this model in Eq. (13) are assumed to have infinite magnitude. However, the above model can be extended to take into account the influence of concrete spalling. That is, when the surrounding concrete at steel bar spalls the bond between concrete and steel is lost. Therefore, in Eq. (13) become zero.
is the tangent stiffness coefficients of the bond connector which can be determined from the experimental load-slip relationship in Eq. (1):
Using Eqs. (2) to (5), the following equations can be obtained: The bond-link element permits the modelling of full, partial and zero interaction at the interface between the concrete and reinforcing steel bars. By using Eqs. (6) to (12) the bond characteristic between concrete and reinforcing steel bars at elevated temperatures can be modelled.
In the non-linear incremental/iterative analysis procedure, increments of slip are summed to obtain the total slip at any load level. The bond force corresponding to total slip is determined from Eq. (19) , and the tangent stiffness of the element for the next iteration is calculated using Eqs. (14) to (18) .
The above developments have been incorporated into the computer program Vulcan [22, 23] in order to model the structural behaviour of reinforced concrete structures under fire conditions. This software has been developed at the University of Sheffield for 3D modelling of steel, composite and reinforced concrete structures in fire. The total loading or temperature rise for which the response of the structure is to be traced is divided into a number of steps. It is assumed that changes in the loads or temperatures occur only at the beginning or end of a step. During any step the external loads and temperatures in the segments of all elements are assumed to remain unchanged.
Validations
In order to validate the model presented above a series of validations was conducted in which both ambient and fire conditions were used. Also in all validation cases both material and geometric nonlinearities were considered. In this section one pull-out test; one reinforced concrete beam at ambient temperature and four reinforced concrete beams tested in fires were analysed. The results were compared with the corresponding experimental data to demonstrate the robustness and accuracy of the model.
In order to validate the effectiveness of the model developed above, in which the reinforcing steel bar was represented by three-noded beam elements with off-set, subjected to very large deformation, an artificial simply supported 4m reinforced concrete beam subjected to point load at mid-span was analysed first. The details of the beam are shown in Fig. 5 . The compressive strength of concrete is 35 MPa and yield strength of reinforcing steel is 600 MPa. In this validation both material and geometrical non-linearities were considered. Within the cross-section there are two tensile and two compressive reinforcing steel bars. The beam was modelled firstly by using reinforced concrete elements without the bond-link element. This means that a perfect bond condition between concrete and reinforcing steel bar was assumed. Secondly, the beam was analysed again as an assembly of plain concrete, reinforcing steel bar and bond-link elements in which the bar element was assumed never to fail with very large stiffness, , to represent the perfect bond condition. This approach was also adopted for modelling fully composite action of shear connectors for the composite beam [27] . It was found that the model had very good numerical stability. In this analysis four types of reinforcing steel bar elements at different locations within the cross section were used to represent tensile and compressive reinforcing steel within the cross-section. As shown in Fig. 6 the finite element mesh comprised of a total of 4 three-noded plain concrete elements, 4 x 4 threenoded reinforcing steel bar elements with off-set. Therefore, there were 9 nodes for plain concrete elements and 36 nodes for steel bar elements. Each concrete node was connected to four steel nodes MPa k 12 1 10 = through 4 bond-link elements. Hence, a total of 36 two-noded bond-link elements was used in the analysis. All nodes were defined at a common reference axis at the centre of the cross-section. The vertical and horizontal displacements of the beam at mid-span position are shown in Fig. 7 . It is evident that almost identical results (even for very large deformation) were achieved by both models. Hence, the two displacement curves predicted with and without bond-link element are overlapped each other as shown in the figure. The results confirmed the robustness and accuracy of using a 3-noded beam-column element with off-set to model reinforcing steel bars.
Pull-out test at ambient temperature
A pull-out test was conducted by Viwathanatepa et al [28] at University of California, Berkeley in 1979. The test specimen is an anchored #8 ribbed bar in a well confined block of 635mm width ) were used as input data for the modelling.
Same as the above case (see Fig. 6 ) the finite element mesh of this test includes a total of 4 threenoded plain concrete elements, 1 x 4 three-noded reinforcing steel bar elements with zero off-set.
Hence, there were 9 nodes for plain concrete elements and 9 nodes for steel bar elements. Each concrete node was connected to one steel node through one bond-link element. Therefore, a total of 9 two-noded bond-link elements was employed in the analysis. The comparisons of the predicted and tested stress distribution within the anchored reinforcing steel bar at three end-stress (end pullout force divided by cross-section area of steel bar) levels are shown in Fig. 8 . It is clear that reasonable agreements between the model's predictions and test data were achieved. It is interesting to note that the stress in the reinforcing steel bar decreases sharply away from the loaded end. The stress at the position of the middle of the bar is about less than 25% of the stress at the ends. Fig. 9 gives the predicted evolution of the bond stress field for the different loaded end slips. Due to the tested total pull-out-curve not being available, Fig. 10 presents the predicted end-slips against total pull-out forces for the test. The results indicate that the strength of the bond between concrete and reinforcing steel plays a very important role in controlling the load capacity of reinforced concrete structural members.
Simply supported reinforced concrete beam at ambient temperature
In order to demonstrate the capability of the current model for simulating the bending deformation of the reinforced concrete structural members, a beam tested by Gaston et al [29] was used for the validation. The details of the tested beam are shown in Fig. 11 were used for the analysis. By applying symmetry only half a beam was modelled. Based on the same principle of model discretisation described above a total of 4 three-noded plain concrete elements, 1 x 4 three-noded reinforcing steel bar elements with 119.9 mm off-set from the central reference axis and 9 bond-link elements were employed.
MPa . f c 2 317 = Fig. 12 shows the predicted load-centre deflection curves with different bond conditions together with the test results. It is evident that the effect of bond characteristic on the structural behaviour of the beam is significant. The initial discrepancy between the modelling and the test is due to the fact that in the modelling the reinforced concrete beam was assumed to be perfectly intact before the loading, however, in the reality the beam was subjected to certain degree of cracking due to the concrete shrinkage before the loading. It is clear that the proposed model which includes bond-slip effect produced a good agreement with the test data. The predicted failure load for the beam was about 6% higher than the test data. This may be caused by the small difference between the real location of reinforcing steel bar in the tested beam and the location used (see Fig. 11 ) in the modelling.
Fire tests of reinforced concrete beams
Lin et al. [30] conducted a series of fire tests on normal-strength reinforced concrete beams with ribbed reinforcing steel bar for which two heating curves, the ASTM fire and Short Duration High Intensity (SDHI) fire, were adopted. In this validation four beams, designated Beams 1, 3, 5 and 6, were modelled. Beams 1 and 3 were heated using the ASTM fire and Beams 5 and 6 were subjected to the SDHI fire.
The first step of the analysis is to perform a thermal analysis on the beams modelled. As shown in Figs 17 and 18 show the comparisons of the maximum deflection and deflection at the position of the cantilever-end of the Beam 3 (see Fig. 13 ) for different bond conditions. Once again the bond condition has a significant influence on the structural behaviour of the beam. In this case the fire resistance of the beam with the smooth bar is only 50% of the beam with ribbed bar. It is interesting to see that the influence of bond condition is more significant over the continuous support compared to the mid-span areas of the beam. This can be clearly demonstrated by using the deflections at the cantilever-end of the beam in which the test data was not available (see Fig. 18 ).
The results of modelling Beams 5 and 6 are shown in Figs 19 to 21 . It can be seen that the affect of bond condition is relative small compared to the Beams 1 and 3. This is due to the fact that those beams were subjected to Short Duration High Intensity (SDHI) fire. Therefore, the maximum temperatures of the reinforcing steel bars were less than 400°C (see Fig. 15 ). However, Fig. 21 clearly shows the influence of bond condition on the behaviour of Beam 6. It is evident that the fire resistance of the beams with smooth bar is very poor compared with the performance of tested beams in which the ribbed bar was used. Concerning the complexity and uncertainness of the full scale fire test the predictions of current model agree reasonable well with the test results for the 4 beams.
Conclusions
A non-linear procedure for modelling the bond characteristic between concrete and reinforcing steel for reinforced concrete structures in fire has been presented. The proposed model is simple and efficient, and has easily been incorporated into the Vulcan program for three-dimensional modelling of reinforced concrete buildings subjected to fire. In spite of the lack of test data on the actual bond stress-slip characteristics at elevated temperatures, the model has been shown to detect the major structural effects and to produce logical results. The bond-link element has been found to have good computational stability and efficiency for 3D analysis of reinforced concrete structures in fire.
The analysis conducted in this research indicates that the bond condition between concrete and reinforcing steel bar has important influence on the fire resistance of the reinforced concrete structures, especially when the temperature of the reinforcing steel bar is high (more than 500°C).
For smooth reinforcing steel bars the assumption of the perfect bond condition for the analysis of reinforced concrete structures under fire conditions is unconservative. Hence, the bond characteristic between concrete and reinforcing steel should need to be considered for the fire resistance design of reinforced concrete structures using smooth bars. In terms of fire engineering design the failure of bond between concrete and reinforcing steel, particularly in beams with little or no continuity, may be the key criterion for fire resistance, but this clearly needs further parametric studies before general rules can be proposed. Fig. 1 Reinforced concrete beam: plain concrete, reinforcing steel bar and bond-link elements. Fig. 2 Segmentation of plain concrete beam and reinforcing steel bar elements. Fig. 3 Bond stress-slip curve defined by CEB-FIP Model Code 1990 [24] . Fig. 4 Degradation of bond strength between concrete and reinforcing steel bar at elevated temperatures [25] . 
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